A n early repolarization electrocardiographic (ER-ECG) pattern is characterized by a sharp, welldefined positive deflection or notch immediately following a positive QRS complex at the onset of the ST segment or slurring at the terminal portion of the QRS complex. An ER-ECG pattern has been observed in various pathophysiological conditions, such as hypothermia, myocardial ischemia, pericarditis, and Brugada syndrome. Antzelevitch et al 1 have suggested that the presence of a prominent transient outward potassium current (I to )-mediated action potential notch in the ventricular epicardium, but not the endocardium, can lead to the development of a transmural voltage gradient that might manifest as a J-point elevation, so-called ER-ECG pattern. Therefore, it is speculated that the voltage gradient between the epicardium and endocardium because of myocardial inflammation/swelling localized to the left ventricular (LV) epicardium can cause the ER-ECG pattern in acute myocarditis. Cardiac magnetic resonance (CMR) has now become the golden standard imaging technique for the noninvasive assessment of myocardial inflammation/swelling and structural abnormalities in various heart diseases. CMR can detect the tissue characterization and identification of myocardial lesions, such as edema and fibrosis, which may represent a substrate for electrical disturbances leading to ECG changes in acute myocarditis. 2, 3 The clinical course of acute myocarditis varies from mild symptoms, such as chest pain and palpitations associated with transient ECG changes, to severe conditions, such as cardiogenic shock and life-threatening ventricular tachyarrhythmias. The typical ECG abnormalities in acute myocarditis are sinus tachycardia with nonspecific ST-segment deviation and T-wave morphology changes.
Recent studies have shown that the presence of a prominent ER-ECG pattern is associated with an increased risk of lethal ventricular tachyarrhythmias in patients with Brugada syndrome, [4] [5] [6] Takotsubo cardiomyopathy, 7 ischemic heart disease, [8] [9] [10] [11] and nonischemic cardiomyopathy. 12 However, it is still uncertain whether the ER-ECG pattern in patients with acute myocarditis develops into lethal ventricular tachyarrhythmias or not.
The purpose of this study was to investigate (1) the prevalence and significance of the ER-ECG pattern in patients with acute myocarditis and (2) the mechanistic insight into the ER-ECG pattern based on the CMR findings in acute myocarditis.
METHODS
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Study Population
Forty consecutive patients, who were emergently admitted to the Nippon Medical School Hospital and diagnosed with acute myocarditis, were retrospectively analyzed between March 2011 and April 2018. We diagnosed the patients with acute myocarditis by the clinical presentation, such as chest symptoms (ie, acute chest pain, new-onset or worsening dyspnea, and palpitations), newly developed abnormal 12-lead ECG changes, functional and structural abnormalities on echocardiography, and an elevated high-sensitive cardiac troponin T level as a biomarker for myocardial damage. Coronary angiography was performed to rule out acute coronary syndrome in 26 cases.
This study was approved by the Institutional Ethics Committee at Nippon Medical School Hospital. Consent was obtained by the opt-out method.
Cardiac Magnetic Resonance
CMR was performed on a 1.5-or 3-Tesla scanner for an additional diagnosis of acute myocarditis. Among the 40 patients, 10 could not undergo CMR because 3 died of heart failure during the hospitalization, 3 were transferred to other hospitals, and 4 because of renal dysfunction or claustrophobia. Therefore, the remaining 30 patients were finally included in this study. The 30 patients were divided into 2 groups depending on the presence of an ER-ECG pattern on admission (Figure 1 ).
ECG Analysis
A standard 12-lead ECG was recorded on admission, at a paper speed of 25 mm/s and amplification of 10 mm/mV. Standard ECG parameters, such as the heart rate, rhythm, PR interval, QRS duration, corrected QT interval, ST segment, and
WHAT IS KNOWN?
• An early repolarization electrocardiographic (ER-ECG) pattern has been observed in various pathophysiological conditions, such as myocardial ischemia, nonischemic cardiomyopathy, and Brugada syndrome, and it has also been reported to be associated with an increased risk of lethal ventricular tachyarrhythmias.
• Some patients with acute myocarditis also develop lethal tachyarrhythmias; however, the relationship between the ER-ECG pattern and these ventricular arrhythmias is uncertain.
WHAT THE STUDY ADDS?
• The ER-ECG pattern in acute myocarditis could be the evidence of myocardial inflammation/swelling localized to the left ventricular epicardium.
• The ER-ECG pattern was observed only during the acute phase of myocarditis, and it could be normalized along with the convalescent phase.
• The patients with ER-ECG pattern in acute myocarditis developed neither fulminant course nor lethal ventricular tachyarrhythmia events.
T-wave abnormalities were evaluated. An ER-ECG pattern was electrocardiographically defined as terminal QRS notching or slurring with an amplitude of ≥0.1 mV in at least 2 contiguous inferior (II, III, and aVF) or lateral (I, aVL, and V 4 through V 6 ) leads. ST-segment elevation was defined as an elevation of the ST junction of ≥0.1 mV in the limb leads or of ≥0.2 mV in the precordial leads in at least 2 contiguous leads. ST-segment elevation in the anterior precordial leads (V 1 through V 3 ), the so-called Brugada ECG pattern, was not observed in any patient with acute myocarditis in the present study.
Statistical Analysis
Continuous variables are expressed as the means±SD.
Comparisons between 2 groups were tested by an unpaired t test or Mann-Whitney U test. Categorical variables were reported as the number and percentage in each group and were analyzed with the Fisher exact test. A P <0.05 was considered statistically significant.
RESULTS

Demographic and Clinical Characteristics of All Patients
The patient population included 30 patients (77% men; mean age, 39 years). The baseline characteristics of the patients are summarized in Table 1 . Nine patients (30.0%) had an ER-ECG pattern (early repolarization [ER] group) but the remaining 21 did not (non-ER group). There were no significant differences in the blood pressure, heart rate, and body temperature at the time of admission. All patients had chest symptoms, and especially, chest pain was the most common clinical presentation (n=20; 67%). The New York Heart Association functional classification was significantly higher in the non-ER group than in the ER group. Inflammatory markers, such as the white blood cell and CRP (C-reactive protein) levels, were elevated in both groups; however, they did not differ between the 2 groups. The BNP (brain natriuretic peptide) level was significantly higher in the non-ER group than in the ER group (P=0.026). All patients had elevated cardiac enzyme levels, and among them, the high-sensitive cardiac troponin T levels were significantly higher in the non-ER group than ER group (P=0.036). The average duration to reach the peak CK (creatine kinase) level and return to a normal CK level was significantly longer in the non-ER group than in the ER group.
The echocardiogram demonstrated a decreased LV ejection fraction in both groups; however, they did not differ between the 2 groups ( Table 2 ). The thickness of the interventricular septum and posterior LV wall were significantly thicker in the non-ER group than in the ER group probably because of more cardiac edema in the non-ER group. Pericardial effusions were more frequently detected in the non-ER group than in the ER group.
ECG Findings
The ECG characteristics on admission in both groups are summarized in Table 3 . In the ER group, the ER-ECG pattern was recorded in the LV lateral leads in 4 patients, inferolateral leads in 4, and inferior leads in 1. These ER-ECG patterns were accompanied by an upsloping ST segment in 5 patients or horizontal/descending ST segment in 4. ST-segment elevation without an ER-ECG pattern in the various leads was commonly observed in the non-ER group. The ER-ECG pattern gradually disappeared over 7.6 days on average, and the ST-segment elevation returned to the baseline ST levels within 10.1 days on average along with the normalization of the CK levels ( Figure 2 shows representative cases from both groups). Inverted T waves after the ST-segment elevation were recorded in most of the patients in the non-ER group and were more frequently observed than in the ER group. The other ECG changes did not differ between the 2 groups (Table 3 ).
In the convalescent phase, the ST-T changes and T-wave abnormalities normalized. Only 1 patient in the non-ER group received a pacemaker implantation because of advanced atrioventricular block. Catheter ablation of atrial fibrillation or flutter was performed in 3 patients (2 in the non-ER group, and 1 in the ER group).
Magnetic Resonance Imaging Findings
The CMR was performed during hospitalization when the medical condition allowed. In the non-ER group, the CMR revealed a T2 high-intensity area (HIA) over the entire transmural LV lesion. In contrast, the T2-HIA was localized to the LV epicardium and was consistent with the location of the ER-ECG pattern in the ER group. Late gadolinium enhancement was described in 3 patients (33.3%) in the ER group and 10 (47.6%) in the non-ER group.
In the convalescent phase, we could obtain followup CMR data in 5 patients. The LV wall edema on the T2 observed during the acute phase had disappeared. In cases where a late gadolinium enhancement was positive during the first CMR scan, it remained, but some improvement was seen. Figure 3 shows the time course of the magnetic resonance imaging findings in representative cases from both groups.
Pathogenesis of Myocarditis
Most patients had a history of symptoms consistent with a recent viral infection, including a fever, sore throat, joint pain, diarrhea, and easy fatigability. Endomyocardial biopsy was performed in 3 patients (33.3%) in the ER group and 13 (61.9%) in the non-ER group. The results in the non-ER group revealed a lot of lymphocytes infiltrating the cardiac muscle and edema in the intermyocytes. In contrast, a small infiltration of lymphoid cells was observed in the ER group.
Clinical Course
The clinical course in all patients is shown in Table 4 . The patients who developed fulminant myocarditis all belonged to the non-ER group. Three patients who were excluded from this study because of heart failure deaths also developed a fulminant course. Their ECG exhibited no ER-ECG pattern but had a low QRS voltage or QS pattern in the precordial or limb leads. The R-wave height increased along with the recovery from the inflammation. These patients had a severe hemodynamic compromise requiring intravenous vaso- Values are expressed as mean±SD or n (%). BNP indicates brain natriuretic peptide; CK, creatine kinase; CK-MB, creatine kinase-muscle/brain; CRP, C-reactive protein; ER, early repolarization; hsTnT, high-sensitive cardiac troponin T; max, maximum; and NYHA, New York Heart Association. pressors and an LV assist device, such as intra-aortic balloon pumping or percutaneous cardiopulmonary support. Lethal ventricular tachyarrhythmias, such as sustained ventricular tachycardia (VT) or ventricular fibrillation (VF), and pulseless electrical activity were also recorded in the patients with fulminant myocarditis. On the contrary, the patients in the ER group had neither a hemodynamic compromise nor lethal ventricular tachyarrhythmias.
The clinical condition in both patient groups took a turn for the better. The LV ejection fraction also recovered to almost within a normal range, and no patients in either group developed VT/VF during the chronic phase or required an implantable cardioverter defibrillator.
DISCUSSION
Main Findings
First, an ER-ECG pattern in acute myocarditis was transiently observed during the acute phase. Myocardial damage indicated by the high-sensitive cardiac troponin T levels was significantly lower in the ER group than in the non-ER group. Second, the CMR revealed that inflammation/swelling in most of the ER group patients was localized to the LV epicardium and was consistent with the location where the ER-ECG pattern was observed. In contrast, inflammation/swelling extended over the entire LV lesion and was associated with a broad ST-segment elevation followed by negative T waves in most of the patients in the non-ER group. Thirdly, no relationship was observed between the ER-ECG pattern and the development of lethal ventricular tachyarrhythmias during the hospitalization.
Possible Mechanistic Insight Into the ER-ECG Pattern in Acute Myocarditis
In the ER group, inflammation/swelling localized to the epicardium, where the magnetic resonance T2-weighted image exhibited an HIA because of acute myocarditis, caused myocardial damage on the epicardium. The epicardial damage can decrease the dV/dt and amplitude of phase 0, leading to the repolarization theory proposed by Antzelevitch et al, 1 which may manifest as a J wave in the ECG. On the contrary, the epicardial damage also can produce a significant conduction delay on the corresponding epicardium, leading to a depolarization theory like that for Brugada syndrome, 13 which may be responsible for the J waves. Whichever the mechanism, the ER-ECG pattern in some patients with acute myocarditis can be evidence of inflammation/swelling localized to the LV epicardium.
In the non-ER group, the T2-HIA on CMR extended over the transmural LV lesion, which might suggest that the inflammation/swelling had extended over the entire transmural LV lesion. The inflammation/swelling over the entire transmural LV lesion may be responsible for the negative conversion of the T waves following STsegment elevation during the acute phase.
Relationship Between the ER-ECG Pattern and VT/VF in Acute Myocarditis
The prevalence of an ER-ECG pattern on the standard 12-lead ECG among healthy subjects is reported to be between 5.8% and 13.1%. 14, 15 The incidence of idiopathic VF, in individuals aged <45 years, is estimated to be 3:100 000. Rosso et al 16, 17 suggested that the risk of idiopathic VF increased to 11:100 000, when J waves were present in the ECG. Although the ER-ECG pattern is believed to increase the relative risk of arrhythmic events, the absolute risk remains low. A, This is the same case as in Figure 2A (early repolarization [ER] group). In the acute phase, cardiac magnetic resonance (CMR) with a T2-weighted image disclosed a high-intensity area (HIA) in the epicardium of the left ventricular (LV) lateral region (arrows), which was close to leads V 5 and V 6 . Six months later, the results of both the CMR with a T2-weighted image and ECG changes had normalized. B, This is the same case as in Figure 2B (non-ER group). The CMR revealed a T2-HIA over the entire transmural LV lesion during the acute phase. The myocardial T2 signal intensity and ECG changes were transient and reversible during the course of the myocarditis. RV indicates right ventricle. Values are expressed as n (%) or mean±SD. ER indicates early repolarization; IABP, intra-aortic balloon pumping; NIPPV, noninvasive positive pressure ventilation; and PCPS, percutaneous cardiopulmonary support.
*Lethal arrhythmias include ventricular fibrillation, ventricular tachycardia, and pulseless electrical activity.
In general, an ER-ECG pattern in the lateral leads is most commonly observed among healthy men and is thought to be largely benign. In contrast, an ER-ECG pattern appearing in the inferior leads or inferolateral leads is reported to be associated with a higher arrhythmic risk. [19] [20] [21] A horizontal or descending ST segment is also reported to be associated with a worse prognosis than an ascending ST segment. 20 In this study, the distribution of the ER-ECG pattern was 4 in the lateral leads, 1 in the inferior leads, and 4 in the inferolateral leads. Upsloping ST segments following the J waves were recorded in 5 patients and horizontal ST segments in 4. Even though the ER-ECG pattern has been reported to be a risk marker in several diseases, 20 there were no VT/VF occurrences in the ER group in the present study. The ER-ECG patterns in the ER group were all observed only during the acute phase of myocarditis and gradually disappeared over 7.6 days on average.
The appearance of an ER-ECG pattern is now recognized to predispose to the development of arrhythmogenesis when associated with other cardiac disorders, such as heart failure and ischemia. 20 According to recent studies, the ER-ECG pattern might be a predictor of occurrences of ventricular tachyarrhythmias in patients with acute myocardial infarctions. 9, 22, 23 The appearance of a new J wave during acute ischemia also seems to predict impending VF. 24 However, the newly described ER-ECG pattern in patients with acute myocarditis in this study was not associated with life-threatening arrhythmias. The myocardial damage was milder in the ER group than in the non-ER group. Sustained VT/VF was observed only in patients with fulminant myocarditis in the non-ER group. The more extensive the myocardial damage was, the more frequently lethal ventricular tachyarrhythmias occurred in our patients. Thus, the fundamental mechanisms of VT/VF might differ between acute myocarditis and acute ischemia.
Study Limitations
First, the number of patients in the study population was limited in the present study because the prevalence of acute myocarditis was low. Second, although an endomyocardial biopsy is thought to be the golden standard for the diagnosis of definite myocarditis, in all, it was performed in 16 patients (53.3%). However, all patients met the diagnostic criteria for clinically suspected myocarditis. 25 Because clinical chest symptoms frequently started within 1 to 4 weeks of a respiratory or gastrointestinal infection, we were certain that the diagnosis was truly acute myocarditis. Third, followup CMR data could not be obtained in all patients because of the limitations of the health insurance in Japan. In patients with a normalized cardiac function, ECG changes, and no symptoms of heart failure in the convalescent phase, the follow-up visits were completed within a year according to the physicians' decision. Zagrosek et al 26 reported that an elevation of the myocardial T2 signal intensity was transient and reversible during the course of the myocarditis and was associated with a transient increase in the LV mass, suggesting myocardial edema was a common pathway explaining the CMR findings. Thus, reversible myocardial inflammation/swelling, where the magnetic resonance T2-weighted image exhibited an HIA, could provide a potential explanation of our reversible ECG changes.
Conclusions
In conclusion, inflammation/swelling localized to the LV epicardium because of acute myocarditis leading to a ventricular transmural voltage gradient might provide the mechanistic insight for the ER-ECG pattern. The ER-ECG pattern in patients with acute myocarditis was not associated with the development of lethal ventricular tachyarrhythmias.
